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Abstract
Finding habitable places to keep astronauts safe from surface radiation, magnetic storms,
and temperature fluctuations will be an important component of future planetary exploration
missions. Remote sensing surveys on other planets indicate the presence of lava tubes. Ground
Penetrating Radar (GPR) has shown great potential for detection of tunnels in terrestrial
environments. In this research, the capabilities of this near surface rapid exploratory tool for
detection of lava tubes are investigated. This dissertation describes terrestrial examples of how
GPR can be utilized to explore tubes and addresses the capabilities of GPR for resolving tuberelated features such as the floor, fractures, and wall linings. Analysis of data acquired over lava
tubes at Lava Beds National Monument (LBNM), CA, USA, and of synthetic models shows that
tube ceilings, width and the location of wall linings can be estimated relatively well, while floor
recovery requires additional data processing with 2D velocity migration. The synthetic GPR
responses to various scenarios were computed with the finite difference time domain (FDTD)
GPRMax solver. Models simulate the impact of wall linings, fractures, and a planetary dust
mantle on GPR profiles acquired over a lava tube. Ceiling returns appear as high-amplitude
returns laterally bounded by zones of diffraction hyperbolas from irregularities in the tube side
walls. The ceiling returns precede a period of time characterized by low-amplitude returns.
Finally, an online searchable library was designed and developed for storing the acquired LBNM
data profiles in both raw and image form. User experience principles were used in the library
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development provide a simple smooth experience for users (at different expertise levels) of the
website. The library also contains metadata, and keyword and map search capabilities.

vii

Chapter 1: Introduction
Remote sensing surveys of the Moon and Mars show evidence of lava tubes, which are
potential safe havens for human crews and their equipment. Ground penetrating radar (GPR) can
be used to map tubes because the void/rock interface at tube ceilings and floors strongly reflects
radar pulses. We have tested the capacity of GPR to sense lava tube geometry at Lava Beds
National Monument (LBNM) in California, USA. This research was funded by the NASAPSTAR program and was part of a larger project, the TubeX project, aimed at better
understanding exploration strategies for lava tube detection.
I present analysis based on data collected at LBNM, including an examination of GPR
data processing methods and a suite a comprehensive modelling performed on scenarios with
different heterogeneities in the fractured basaltic rock surrounding the lava tube. Overarching
goals are to investigate GPR performance and capability for lava tube exploration. Finally, I
describe the guiding principles and development of a library designed for storing the collected
data, metadata, and images of GPR profiles collected at the LBNM.
In chapter 2, which is published in the journal JGR-Planets, GPR and detailed light
detection and ranging (LiDAR) data are presented for two tubes: Skull Cave, with a few meters
of overburden, ~10–20 m diameter, and a rubbly floor; and Valentine Cave, with similarly thin
overburden, but smaller ~1–3 m diameter, and a flatter smoother floor. On both caves GPR
clearly resolves the ceiling and permits good estimates of the cave width as validated with
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LiDAR data. Where GPR fails, the primary cause is inferred to be strong out‐of‐plane effects due
to complex 3‐D geometries of lava tubes. Recovery of the floor position requires migrating the
GPR data with a 2‐D velocity model, as signal velocity is faster in void space than in the host
rock. We find that floor position is recoverable in caves whose voids are taller than the radar
wavelength (~3 m in this study). Forward modeling assuming planetary parameters suggests that
GPR should be similarly successful on the Moon or Mars.
In chapter 3, which is submitted to a special issue on planetary caves co-organized by
Earth and Space Sciences and JGR-Planets and to be published by JGR-Planets, we investigate
the role that tube wall linings, fractures, and external stratigraphy can play in complicating 2D
radar profiles across lava tubes. A real GPR profile over a Lidar-mapped tube is compared
against synthetic profiles that incorporate the measured tube dimensions. Successive
complexities added to the model are a wall lining, fractures and a hypothetical planetary dust
mantle layering. Both synthetic GPR profiles and the field data show irregular fractures in the
host rock can generate strong radar returns before tube ceiling arrivals. We find that ceiling
returns can be distinguished as the final strong return before a period of low-amplitudes in the
radar response. The low-amplitude zone may be laterally bounded by diffraction hyperbola
returns from irregularities in the tube side walls. For the test profile, with proper identification of
ceiling returns the floor geometry can be recovered to within 30% of true depth with 2D finite
difference migration. Best recovery is at locations where the ceiling is closest to horizontal.
In chapter 4, I introduce a website that is designed as a part of the TubeX project to serve
as a library for storing GPR images, data, and metadata collected at LBNM. This public online
library is built in HTML, CSS, and JavaScript, and user experience design principles are key
elements in its design. To make this website accessible and useful to people with a variety of
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backgrounds and expertise, the data is presented, the GPR images are shown, and if individuals
are interested, they can download the data for further processing and modeling. Data can be
searched by keywords and place names, as well as through a digital map. Ancillary material
includes links to publications, the TubeX team, and metadata.
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Chapter 2: Resolution of Lava Tubes with Ground Penetrating Radar: The TubeX Project

Note to Reader:
This chapter has been previously published: Esmaeili, S., Kruse, S., Jazayeri, S.,
Whelley, P., Bell, E., Richardson, J., Garry, W., B., and Young, K. (2020). Resolution of Lava
Tubes with ground penetrating radar: The TubeX project. Journal of Geophysical Research:
Planets, 125, e2019JE006138. https://doi.org/10.1029/2019JE006138
See Appendix A for the PDF of the published document, Appendix B for the permission
from the publisher.
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Chapter 3: Complexities in the response of ground penetrating radar to lava tubes and
implications for planetary exploration1

3.1 Abstract
In recent years ground penetrating radar (GPR) has been used on planetary exploratory
missions for resolution of near-surface stratigraphy. GPR also offers potential for detection and
mapping lava tubes, tunnels and voids, but terrestrial analog studies show that it may be difficult
to detect and resolve lava tubes embedded within internally complex lava flows. We investigate
the role that tube wall linings, fractures, and external stratigraphy can play in complicating 2D
radar profiles across lava tubes. A real GPR profile over a LiDAR-mapped ~20-m diameter tube
with 3-m overburden is compared against synthetic profiles that incorporate the measured tube
dimensions. Successive complexities added to the model are a wall lining, fractures and a
hypothetical planetary dust mantle layering. Both synthetic GPR profiles and the field data show
irregular fractures in the host rock in particular can generate strong radar returns before tube

1

This chapter is prepared for submission to JGR Planet journal – planetry caves special issue as: S. Esmaeili, S.
Jazayeri, S. Kruse, P. Whelley, J. Richardson, E. Bell, W. B. Garry, S. Alfred, and K. Young, (2021). Complexities
in the Response of Ground Penetrating Radar to Lava Tubes and Implications for Planetary Exploration.
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ceiling arrivals. We recommend that ceiling returns can be distinguished as the final strong
return before a period of low-amplitudes in the radar response. The low-amplitude zone may be
laterally bounded by diffraction hyperbola returns from irregularities in the tube side walls. For
the test profile, with proper identification of ceiling returns the floor geometry can be recovered
to within 30% of true depth with 2D finite difference migration. Best recovery is at locations
where the ceiling is closest to horizontal.

3.2 Introduction
Lava tubes can offer protection for human crews and their equipment on other solar
system bodies, in particular from radiation threats and extreme surface temperatures (Horz,
1985). Future space exploration projects will need to plan strategies to survey other planetary
bodies for tubes suitable for possible habitation and storage. To date, data on the existence or
dimensions of lunar or Martian lava tubes are limited to remote sensing, including orbital radar,
gravity data, and orbital photography (e.g., Carr, 1974; Chappaz et al., 2017; Cushing, 2012;
Daga et al., 2013; Haruyama et al., 2009; Kaku et al., 2017; Robinson et al., 2012). However,
terrestrial studies show that other geophysical techniques, in particular ground penetrating radar
(GPR), are well suited for exploratory surveys. GPR is a rapid tool that utilizes reflections of
electromagnetic pulses from the ceiling and floor of lava tubes.
Terrestrial GPR studies of lava tubes show that, in practice, it can be challenging to
differentiate between signals returning from the lava tube boundaries and other features (e.g.
Rowel et al., 2010; Conyers, 2013). First, features close to the tube ceilings, such as fractures in
the overburden, wall lining layers (solidified layers inside the rocks surrounding the tube), and
layering in cover regolith or soils, can significantly obscure the returns from the ceiling itself.
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Secondly, the tubes may form in sheet like lava flows which can create layering and partings in
the adjacent host rock that can produce reflections as strong as those from the tube ceilings.
Figure 3.1 shows an example of a GPR survey over mapped tube segments (Esmaeili et al.,
2019), where, from the GPR data alone, there could clearly be false positive identifications of
caves based on the presence of strong reflecting horizons with ceiling-like geometry. Finally, a
2D profile may capture out-of-plane reflections from tubes with three-dimensional roughness in
ceilings and floors, potentially making a continuous ceiling surface hard to recognize on a single
profile.

Figure 3.1: GPR profile that illustrates how features within overburden and the host rock
can produce reflections as strong as those produced by the tube ceilings. a) Quasi-circular 100
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Figure 3.1 (Continued) MHz GPR profile that passes over both Robin Cave (x~70 m) and
Ship Cave (x~170 m) at Lava Beds National Monument, northern California, USA. (41.731718°
N, -121.503841° W). Location shown on Figure 3.3. b) Same image, the purple points represent
the tube boundaries below the GPR survey as measured with terrestrial LiDAR scans. GPR and
LiDAR acquisition and processing as described in Methods section for Skull Cave data.
Successful interpretation of planetary GPR data for lava tube exploration will require an
understanding of the kinds of signals that can complicate recognition and resolution of lava
tubes. In this paper we address the first and second issues described above, creating synthetic
models and comparing them against real data to better understand the “background” signals in
GPR profiles over lava tubes. The third issue, 3D effects, is the subject of a separate study.
The synthetic models are generated for a limited number of possible subsurface scenarios
of a cave based on a high-resolution profile across Skull Cave at Lava Beds National Monument
(LBNM) in northern California, USA. This cave was selected as it is the largest mapped at
LBNM (~ 20m diameter) and thus most similar to the expected larger sizes of lunar or Martian
lava tubes of exploratory interest. Esmaeili et al. (2020a) provide a comprehensive review of
literature on the size of lunar and Martian voids. More recent studies (Sauro et al., 2020; Theinat
et al., 2020; Kalita and Thangavelautham, 2021; Torrese et al., 2021) support the idea that lunar
and Martian tubes may exist on a variety of scales with hundreds of meters wide and hundreds of
meters or deeper and tens of km long. The set of models are generated by starting with the
mapped geometry of the cave boundaries and adding progressive complexities in the surrounding
material.
The synthetic models address three particular issues associated with GPR imaging of lava
tubes, relevant to planetary studies: wall-lining layers, fractures, and a potential dust mantle.
Each is discussed in turn below.
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First, a feature of some terrestrial lava tubes that may also be expected in lunar and
Martian caves is a wall-lining layer (Cushing et al., 2015; Wagner, et al., 2018; Wagner and
Robinson, 2019). Wall linings are zones around the rim of the lava tube with properties such as
porosity, vesicular structure, or composition that differ from and may be discordant to adjacent
layered host rock (Greeley, 1971; Atkinson et al., 1975; Greeley, 1987; Peterson et al., 1994;
Grimes, 2002). They may be a congealed lining left behind as the tubes drained of lava (Ollier
and Brown, 1965).
Second, fractures of various orientations are pervasive in lava flows surrounding lava
tubes, as seen in both outcrops and coring (Greeley, 1972; Waltham and Park, 2002; Sauro et al.,
2020; Thorardson and Sigmarrson, 2009; Oskarsson et al., 2020) (Figure 3.2). As magma cools,
radial cracks may form perpendicular to the void. Studies on the moon and Mars support the
existence of similar features (Blair et al., 2017; Wagner & Robinson, 2019). Various models of

Figure 3.2: Fractures in the overburden of Natural Bridge Cave, Lava Beds National
Monument, are highlighted with red arrows, (41.702633° N, -121.518400° W). Location
shown on Figure 3.3. The person shown is ~ 1.8 m tall. Arrows are not precisely perpendicular
to fractures.
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lunar lava tubes continuous elastic overburdens, in which fractures may form, are presented in
Blair et al. (2017).
Third, lunar lava tube resolution may be impacted by the presence of the lunar dust
mantle (Lederberg and Cowie, 1958; Picardi, 2005; Daga et al., 2009; Cushing, 2012; Cushing,
2015; Berger et al., 2016). The dust mantle is expected to exhibit layering distinct (with
different electrical properties) from the soil properties at terrestrial field sites, so effects expected
from such layering are also investigated.
The potential effects of wall linings, fractures, and regolith/soil layering on GPR images
over tubes are then examined in the context of the data collected at Skull Cave, and as a guide for
future interpretation of planetary data. Finally, we summarize characteristic features of lava tube
responses that could be used to distinguish lava tube returns from “false positives” in
surrounding lava flows.

3.3 Terrestrial analog study site
Lava Beds National Monument (LBNM) is a tube-rich terrestrial environment located in
northern California, USA (Figure 3.3). Mapped lava tubes across the Monument range from a
few meters to tens of meters in length, have a thickness of overburden ranging from 1 m to a few
tens of meters, with tubes going as deep as 45 m below the ground surface (Larson & Larson,
1990).
Skull Cave at LBNM was selected for study because of its complex geometry, large size,
and mixture of smooth and blocky wall rock and ceiling textures. This multilevel cave is a
segment of a 36 ± 16 ka age, 16 km long lava tube system. The opening entrance (41.7314°N, 121.5107°W) offers a view of a blocky surface flow (Esmaeili et al., 2020a). A smaller lower
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level is connected to the larger upper level of the cave by a pit. Parts of the walls and floor of
rooms in the lower level are covered by ice (Waters et al., 1990).
Our direct observations of the caves at LBNM, including Skull Cave, show the presence
of open cracks in the basalt lava flow surrounding the lava tubes (Figure 3.2), with orientations
both sub-parallel to the overlying surface and cave ceiling and quasi-radial to the tube. From the
interior of Skull Cave, ceiling fractures form an irregular network with lateral spacings on the
order of 1 to 5 m.
Here we present the GPR data acquired along a single profile over Skull Cave (Figure
3.4). This profile was selected from a larger data set, described in part in Esmaeili et al. (2020a)
and cataloged in the data library https://tubexproject.github.io. This profile (presented as profile
1 in Esmaeili et al. 2020a and the data library) was chosen as it was collected along a developed
straight walking path that traversed the surface over the lava tube. As the land surface over Skull
Cave site is covered in undulating sandy terrain dense with sagebrush, we were unable to collect
other straight line-profiles. The profile, dictated by the path access, runs diagonally across the
local tube direction. The profile additionally happens to intersect a section of the cave with two
tube levels, offering opportunities to investigate GPR capabilities over a tube with multiple
levels.
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Figure 3.3: Study area within Lava Beds National Monument (California, USA). Pit
chains are visible in this orthoimage basemap from Agricultural Image Program Orthomosaic
where lava tubes have collapsed. Tube systems are formed within basalt flows (boundaries
drawn in white, Ramsey et al., 2010). Points show locations of the pit between Ship and Robin
caves (Figure 3.1), the entrance of Skull Cave (Figure 3.4), and Natural Bridge Cave (Figure
3.2).
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Figure 3.4: a) The Skull Cave entrance at the study site. Concentric and radial fractures
are pervasive in the ceiling. Visible between the two investigators is the RTK GPS system
mounted above the 100 MHz GPR antennas. b) Skull Cave Map (light green polygon from intube LiDAR scan) and GPR profile (purple line) on Google Earth basemap. Red arrow indicates
the profile's start point and direction. The light green polygon shows underlying extent of the
upper level of Skull Cave from terrestrial LiDAR scan (TLS). Orange camera icon shows the
approximate location and viewing angle of the camera for the photo(a). Grid coordinates given in
UTM zone 10 N.
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3.4 Methods
3.4.1 Field Data
A PulseEKKO 100 system by Sensors and Software was used with a 100 MHz
unshielded antenna pair to collect common-offset GPR data. A low antenna frequency was
desirable for depth of penetration, yet lower frequencies would have been impractical due to
antenna size and maneuverability around surface sagebrush. Lower frequencies would also have
resulted in the loss of resolution for imaging shallower structure and smaller voids. Transmitterreceiver antenna spacing was fixed via a frame that maintained a 1-meter separation. Data along
this 128-m line were acquired with a 5 cm trace interval triggered by an odometer. The time
window for acquisition after time-zero correction was 729 ns with a sampling interval of 0.5 ns.
The data processing flow for this profile consists of a dewow filter (20 ns), time zero
correction, a bandpass filter (~10–208 MHz), a finite difference migration (described further
below), a topographic correction based on surface elevations measured by LiDAR, and contrast
enhancement for plotting. These commonly-used processing steps are described, for example, in
Daniels (2004). The dewow, time zero correction, and bandpass are applied using the Reflexw
software package (Sandmeier, 1998). Migrations are done with Seismic Unix (Stockwell, 1999).
Migration is applied to ungained GPR sections, as gain functions change relative amplitudes and
phase relationships, which should be preserved for optimal migration results (Cassidy & Jol,
2009). Topography is corrected after migration using self‐generated MATLAB scripts assuming
the average subsurface velocity. (Lehmann & Green, 2000, describe the impacts of the order of
migration and topographic correction.)
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Real-time kinematic (RTK) GPS positioning of the GPR instrument was obtained via a
Trimble R10 GPS mounted at the center of the GPR system. A Riegl VZ-400 LiDAR scanner
was utilized to obtain point clouds of surface elevations and the geometry of the cave. Point
clouds were downsampled to a 10-cm interval to obtain land surface and cave wall positions
along and below the GPR profile using Cloud Compare software. Point cloud data are archived
at https://drum.lib.umd.edu/handle/1903/27004 (Whelley et al., 2021). (See Esmaeili et al.
(2020a) for further details of the deployment of each instrument.) A video illustrating expected
radar wave propagation at a nearby line at Skull Cave is available at
https://youtu.be/gHo9Bj_GF_o (Downs et al., 2020).

3.4.2 Synthetic profiles
GprMax2D (Giannopoulos, 2005) is used to generate the models used in this paper (free
Maxwell equation solver in time-domain offering broad control on the model). The cell size is
5cm, the time step is 0.118 ns, and the total time window is 700 ns in all simulations. PML
boundary conditions of 10 cells are used to avoid edge artifacts. The antenna central frequency
used in the models is 100 MHz unless otherwise specified, with a Ricker pulse as the dipole
source wavelet. The corresponding dominant wavelengths in modeled media are given in Table
1. We note that in addition to unrealistic homogeneity in the source rock, the 2D simulation fails
to capture any of the true out-of-plane geometry at Skull Cave and underestimates the real 3D
attenuation of the GPR waves in the subsurface. Following synthesis, the data are migrated as
described below and a simple power gain is applied with Seismic Unix (tpow=2.5,
gpow=1.25) (Stockwell, 1999).
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3.4.3 Migration of real and synthetic profiles
The velocity of a radar wave in moderately dry basalt is about 2.5 times slower than in a
void. These large velocity differences mean that the GPR image over a lava tube prior to
migration is a highly distorted representation of the subsurface. In addition to the distortions that
come from non-vertical reflections off of dipping surfaces, the fast velocity in the void causes a
strong pull-up in the arrival time of reflections from the cave floor. Thus, to recover the tube
shape, applying a migration is vital, and a simple constant velocity migration (as is typical for
GPR studies) will not work in this case due to dramatic velocity variation in subsurface.
2D velocity migration techniques, in which the velocity is assumed to vary with both
depth and position along the line, are necessary. However, for a typical lava tube the lateral
velocity variations on the sides of the tube are extreme, and many migration methods cannot
simultaneously handle sharp velocity gradients in all directions (e.g., Yilmaz, 1987; Ristow &
Rülh, 1994). For example, phase‐shift migration is accurate for nearly all dips but is limited to
very simple velocity functions (Ristow & Rülh, 1994). The finite difference migration technique
was selected for this study because it has the ability to handle steeply dipping as well as sharp
velocity changes (Ristow & Rülh, 1994) and produces better results than variable-velocity phase
shift migration (Gazdag and Sguazzero, 1984). An alternative topographic migration with
variable velocity (Allroggen et al., 2015) was not tested.
Migration requires that users specify a velocity structure along the profile. The velocity
structure is estimated using two methods. In the first considered case we use the measured lava
tube boundaries and assume rock velocity outside the voids and air velocity inside the voids,
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with values as shown in Table 1. However, in the case of planetary exploration the cave
geometry would not be known prior to GPR surveying. Thus a second approach we follow to
overcome this challenge is (1) the user picks the arrival times of the high-amplitude sharp
reflected signals assumed to represent reflections from the tube ceiling; (2) by fitting diffractions
associated with ceiling irregularities, a velocity for rock is determined; (3) a 2D-velocity model
is created with rock velocities above the ceiling, and void velocities below the ceiling, with
vertical boundaries assumed for the void space at the edges of the ceiling. The advantage of this
method is that we can define a 2D velocity model requiring minimal computation efforts that
yields reliable depths to the ceiling. This 2D model should also serve to locate floor reflections at
their proper depths, but will fail to appropriately recover any structure beneath the floor, such as
the lower tube found at Skull Cave.

3.5 Results
3.5.1 Skull Cave data and homogeneous cave model
The Skull Cave GPR profile and the LiDAR-measured cave geometry beneath are shown
in Figures 3.5 and 3.6. The GPR profile in Figure 3.6c and d is shown with dewow, time-zero,
and bandpass filters, but not gain, migration, or topography correction.
The LiDAR-derived slice through both the upper and lower tubes (Figure 3.6a) is used as
the basis for modeling the GPR response assuming the host rock is homogeneous. In this result,
shown in Figure 3.6b, all simulated returns come from the void boundaries. Model parameters
are listed in Table 1. The velocity selected for the rock in this model (0.12 m/ns) is based on
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analysis of diffractions and migration of the real data in Figure 3.6c; it is the velocity that best
fits the Skull Cave observations.
Comparison of the real data (Figure 3.6c and d) with the synthetic model in Figure 3.6b
indicates the strong reflection appears at ~100 ns two-way travel time and between 60-100 m
along the profile (red box in Figure 3.6d) is energy reflected off the ceiling of the upper tube.
The floor of the upper cave is faintly apparent in the real data as the down-to-the-left dipping
horizon at ~170 ns between 70-80 m (green arrow on Figure 3.6d). The synthetic modeling
shows that returns after the floor return are multiples of the upper tube ceiling and floor
reflections and other energy. Energy reflected from the ceiling of the lower tube level is expected
~300-360 ns (yellow arrow on Figure 3.6d). In the real data, returns after the floor reflection are
almost invisible, presumably due to attenuation and scattering effects.

Figure 3.5: 3D view of Skull Cave and GPR line 1. The blue LiDAR-derived point cloud
shows the two levels of Skull Cave beneath the GPR profile (red line) shown in Figures 3.4 and
3.6.
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Figure 3.6: Real data and simple synthetic model for GPR Line 1 over Skull Cave
(location shown in Figures 3.3,3.4, and 3.5). a) The 2D geometry model of two levels of Skull
cave based on LiDAR data beneath the GPR profile. The model ground media is assumed to be
homogeneous. The surface topography dips gently downward from SW to NE. b) The synthetic
common-offset GPR response of the model in (a) assuming parameters in Table 1. c) Collected
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Figure 3.7 (continued) data over line 1 on the Skull Cave, not corrected for topography.
d) Plot (c) with annotations: Red rectangle highlights the returns around 100 ns and between 60100 m that correspond to the upper level cave’s ceiling returns. The blue oval indicates the zone
of lower amplitudes that follow the ceiling reflections and are suggestive of the presence of a
void (see Discussion). The green arrow points to the reflection horizon from the cave floor. The
yellow arrow points to the arrival times expected for returns from the lower cave, which are not
clearly visible.
Figures 3.7c and e show the results of migrating the synthetic GPR data (Figure 3.6b)
from the homogeneous rock model, when the velocity model is perfectly specified as the cave
structure shown in Figure 3.7a. This migration successfully returns the signals to their point of
reflection, resulting in a good recovery of the upper-level tube ceiling and floor positions. In
contrast, no strong reflections are apparent from the upper or lower surfaces of the lower cave at
35 m depth. The area inside the lower level appears blurry because of very weak reflected signals
that are shifted to longer wavelengths in the faster velocity inside the tube.
Figures 3.7b, d, and f illustrate picking-based migration model obtained from GPR data.
The model Figure 3.7b is generated by picking the arrival times of the bright ceiling returns in
Figure 3.6b, estimating velocity from diffraction hyperbolas, and using the results to estimate the
ceiling location. The method produces a good reconstruction of the top-level tube ceiling. The
migrated ceiling reflection horizon from the upper tube is mislocated downward by a few meters
on the left side where the ceiling is steeply dipping (~35 degrees). Nevertheless, the outcome is
satisfying in that the cave cross sectional area is captured to within better than 30% of the ‘true’
area.
Figures 3.8a and c show the results of migrating the real Skull Cave GPR data (Figure
3.6c), when the velocity model corresponds to the measured cave structure in Figure 3.7a,
assuming a uniform rock/soil velocity. In this migration, the signals generally return successfully
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to their original reflection point, resulting in a recovery of the ceiling and floor positions of the
upper-level tube. However, there is a relatively strong return that appears to be coming from
within the void at ~x=70 m, which presumably results from velocity variations in the overburden
or 3D effects that are not properly accounted for in the homogeneous rock velocity model. At 35
m depth, corresponding to the position of the lower-level tube there are no strong reflections
apparent.
The picking-based uniform rock velocity migration of the real data shown in Figures 3.8b
and d shows a good (to within a few meters) reconstruction of the ceiling of the top-level tube,
except around x=60-65 m, where GPR returns from above the ceiling were misinterpreted as
ceiling. Nevertheless, the floor return in the central part of the tube around 80m appears as a
strong return at the correct depth. Any alignment between the lower cave and reflectors in this
migration must be coincidental, as an incorrect air velocity is assumed for all material below the
upper level ceiling.
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Figure 3.8: Migration of synthetic GPR data from the homogeneous rock model. The
data prior to migration are shown in Figure 3.6b. a) The ‘perfect’ 2D velocity model (identical to
Figure 3.6a except without topography) used to migrate the synthetic data, with results shown in
(c) and (e). The gray represents soil/rock with 0.12 m/ns velocity and the white is air with 0.3
m/ns. b) The 2D velocity model derived from picking synthetic arrival times of signal reflected
from the upper level cave ceiling, yields migration results shown in (d) and (f). c) Migrated panel
of the synthetic data followed by topography correction, using the velocity model shown in (a).
As the velocity model is a perfect representation of the subsurface, a very good migrated model
is achieved. d) Migrated panel of the synthetic data followed by topography correction, using the
velocity model shown in (b). The top-level cave geometry is well recovered with the floor
location back propagated to its correct depth. However, the lower tube is not apparent. e)
Migration as in (c) with purple lines showing surface and tube boundaries. f) Migration as in (d)
with purple lines showing surface and tube boundaries.
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Figure 3.9: Migration of Skull Cave Line 1 GPR data following the methods applied to
synthetic data as in Figure 3.7. The data prior to migration are shown in Figure 3.6c and d. a)
Migrated panel using the homogeneous velocity model of Figure 3.7a with ‘perfect’ cave
boundaries. Both ceiling and floor of the upper cave are well recovered. b) Migrated panel using
a model as in Figure 3.7b, derived from ceiling reflection arrival times. A relatively strong return
is recovered at the floor location. c) Migration as in (a) with purple lines showing surface and
tube boundaries. d) Migration as in (b) with purple lines showing surface and tube boundaries.

3.5.2 Models with host rock complexities
From the field observations (Figure 3.4) and from comparing the simulated data in Figure
3.6b with the real data in Figure 3.6c, it is clear that real lava flows around Skull Cave are much
more complicated than the homogeneous model used in the simulation. Comparison of measured
void geometries and GPR profiles at other sites in LBNM shows similar results (Esmaeili et al.,
2020a; Esmaeili et al., 2020b; https://tubexproject.github.io). In the following subsections we
investigate the effects of hypothetical extra complications on the simulated data and cave
geometry recovery by introducing extra features into the synthetic model of the rock surrounding
the lava tube. Models are described in order of increasing potential complexity. We consider
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incrementally the effects of tube wall linings, fractures, and regolith layering with permittivities
potentially appropriate for the Moon or Mars. We note these synthetic models are not directly
based on observations at LBNM, but descriptions of features in the literature or schematic
approximations from photos taken at cave entrances.
Table 3.1: Physical properties of material used in the models in Figures 3.6, 3.7, 3.9,
3.12, 3.15, and 3.16. Basalt physical properties are described in Pettinelli et al. (2007). The wall
lining is assumed to be less porous and more conductive based on our qualitative field
observations, including experience at other sites where oxidized basalts appeared to attenuate
radar signals more strongly. Dust mantle properties were chosen arbitrarily to imply small
variations of the basalt properties.
Medium

Dielectric constant
(Relative
Permittivity)
(unitless)

Velocity (m/ns)

Dominant
Wavelength
of 100 MHz
pulse (m)

Electrical
conductivity
(mS/m)

Host Rock

6.25

0.120

1.2

1

Wall Lining

7.5

0.110

1.1

10

Dust mantle
layer 1 (top)

6.3

0.120

1.2

1

Dust mantle
layer 2

6.1

0.121

1.2

1

Dust mantle
layer 3 (bottom)

6.2

0.120

1.2

1

1

0.299

3

0

Voids and
Fractures

3.5.2.1 Tube in homogeneous rock with wall lining
Wall linings may have slightly different permittivity and conductivity from adjacent
flows in their, which would add complexity to the GPR data and its interpretation. A non-
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uniform wall lining of thickness ranging from 0.75 m to 2 m is added to the margins of the tube
in the otherwise homogeneous rock (Figure 3.9a). To our knowledge, there is no comprehensive
description of wall lining thicknesses in the literature; the thickness values in this synthetic
model were selected on the basis of observations at Skull Cave, where instead of a zone of
congealed lava, the cave appears to be lined by a zone of high fracture concentration that is ~0.75
to 2 m thick. The lining is assumed to have a slightly higher relative permittivity and
significantly higher electrical conductivity than the host rock (Table 3.1). The assumed
permittivity contrast would be valid for a lower-porosity congealed lining; for a higher-density
fracture network as observed at Skull Cave the model will over-predict the time gap between
reflections from the outer edge of fractured lining and the cave wall. The assumed higher
conductivity of the lining is an indirect way of accounting for internal scattering from fractures
that would lower the amplitudes of coherent returns from the cave wall. As expected, the
simulated GPR data (Figure 3.9b) is more complicated than the previous model and more
challenging to interpret. Although the reflection coefficient at the host rock-to-lining interface is
~one tenth of that at the lining-to-void interface, the wave attenuates in the more conductive
lining and thus the reflections from both contacts appear similarly bright. There is a polarity
change between the earlier host rock-lining reflection and the lining-void reflection. The void
floor return is apparent, but the reflection from bottom of the lower lining is extremely weak.
The migration shown in Figure 3.10a assumes the cave geometry is known but that the
velocity contrast at the lining is not. This migration presents a successful recovery of the upper
tube shape, with the ceiling slightly (~1-2m) too low because of the constant velocity assumption
for the background rock and wall lining material. The migration using the picking-based velocity
model (Figure 3.10b) assumes the user has correctly picked the lower strong return as the ceiling

25

(see discussion below on ceiling identification). The whole void is mapped at a ~1-2m below
correct depth due to the upward shift in the velocity model, although the general void shape is
recovered well. In both cases the upper lining boundary above the ceiling is recovered, but the
lower lining boundary below the floor is not.
Figure 3.9 shows that a wall lining on the order of the radar wavelength or more can
produce a distinct secondary reflection above the roof. Examination of Skull Cave Line 1
(Figures 3.6c and d; repeated in Figure 3.11 with a different processing sequence) in light of
Figure 3.9 indicates a reflecting horizon (downward-pointing red arrows on Figure 3.11)
preceding the ceiling reflection (yellow line on Figure 3.11), but this earlier horizon extends
laterally well past the tube, which would not be expected for a wall lining return.
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Figure 3.10: a) Velocity model as in Figure 3.7a, but with the addition of wall linings
(light gray) surrounding both tubes. See Table 1 for model parameters. b) The simulated GPR
response including wall linings shows a clear return from the top of the lining as well as the top
of the upper void, with opposite phases of the two returns.
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Figure 3.11: Migration of the synthetic data from the wall lining model of Figure 3.9,
following the methods applied as in Figure 3.7. a) Migrated panel using the homogeneous
velocity model of Figure 3.7a with ‘perfect’ cave boundaries. b) Migrated panel using a model
as in Figure 3.7b, derived from ceiling reflection arrival times. c) Migration as in (a) with purple
lines showing surface and tube boundaries. Ceiling appears 1-3 meters too low due to
unaccounted for wall lining velocity. d) Migration as in (b) with purple lines showing surface
and tube boundaries. Both ceiling and floor are too low, although overall shape is well preserved.
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Figure 3.12: Skull Cave Profile 1 (as in Figure 3.6c) processed slightly differently to
emphasize annotated features. Data processing includes dewow, time-zero correction, and
bandpass filtering as for Figure 3.6, but then followed by a background removal by subtracting
the average of the nearest 500 traces (25 m), a 5-trace average for smoothing, and a linear gain
function starting at 30 ns and increasing by a factor of 1 over each pulsewidth. The yellow line
indicates returns from the cave ceiling; the orange line returns from the cave floor. Red and dark
red arrows show potential subhorizontal fractures. Blue arrow indicates diffraction hyperbola
apexes that may occur on a sub-vertical fracture.

3.5.2.2 Tube in homogeneous rock with fractures
GPR response to fractures as observed at Skull cave is simulated by adding hypothetical
fractures to the previous models. As shown in Figure 3.12a, the added fractures are both roughly
parallel and perpendicular to the void wall directions. Fractures are 0.05-0.2 m wide and 0.5-5 m
long with local discontinuities. These selected dimensions and fracture orientations were roughly
based on photos from cave entrances at LBNM, except for the lower limit on fracture width. The
5-cm lower limit on fracture width was imposed by the cell size in the GPRMax finite difference
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model; finer cell sizes were computationally impractical. A comparison between the simulated
void-only GPR profile (Figure 3.7) and the corresponding void+fracture profile on Figure 3.12b
shows significant complications. A subhorizontal fracture above the ceiling causes a strong
irregular reflecting horizon, and wings of diffraction hyperbolas from irregularities in the
fracture partially obscure the subsequent ceiling return. The fracture further causes minor lateral
variations in the travel time to the cave ceiling, which generates additional small perturbations in
the appearance of the ceiling reflector.
Migration of the void+fracture scenario recovers the energy from the upper void floor
when the void is defined in the velocity model (Figure 3.13a) and even some strong but
somewhat overmigrated returns when the velocity model is based on the ceiling picks (illustrated
with red points in Figure 3.12b). In the latter case the cave geometry is least well recovered on
the left side ~x=60-70 m. In both cases the fracture patterns above or on the sides of the void are
recovered well, but imperfect migration of the fracture complexities introduces incorrect higher
amplitude returns from within the void (compare Figures 3.10 and 3.13).
As illustrated in Figure 3.12, irregular subhorizontal fractures introduce reflecting
horizons with internal diffraction tails that strongly resemble the returns from the top of the void.
More steeply dipping fractures, in contrast, appear in the unmigrated profile as trends of
diffraction hyperbolas whose apex positions follow the trend of the fracture.
Skull Cave Line 1 shows features similar to the simulated subhorizontal fractures both
above the ceiling (downward-pointing red arrows Figure 3.11) and potentially weakly below the
floor (upward-pointing dark red arrows on Figure 3.11). In the real data, the phase and
amplitude of the reflection from the fracture varies along the profile as would be expected for the
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returns from a layer thinner than a quarter wavelength and of variable thickness (e.g. Guha et al.,
2005).
Patterns of diffraction hyperbolas that arise in the synthetic profile (Figure 3.12b) from
small irregularities in steeply dipping fractures are not as clearly apparent in the Skull Cave Line
1, although one possible set is identified with the blue triangles on Figure 3.11. However, both
the Skull Cave Line and the Ship and Robin Caves profile (Figure 3.1) show evidence of sets of
diffractions likely coming from irregularities in the side wall sections of the lava tubes, as
discussed in Esmaeili et al. (2020a).
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Figure 3.13: a) Velocity model as in Figure 3.7a, but with the addition of fractures
surrounding both tubes. See Table 3.1 for model parameters. b) The simulated GPR response of
the caves with fracture model in (a). The red dots show the position of picks which were used to
the create velocity model for migration in Figures 3.13 b and d.
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Figure 3.14: Migration of the synthetic data from the fracture model of Figure 3.12,
following the methods applied as in Figure 3.7. a) Migrated panel using the homogeneous
velocity model of Figure 3.7a with ‘perfect’ cave boundaries. b) Migrated panel using a model
as in Figure 3.7b, derived from ceiling reflection arrival times shown in Figure 3.12b. c)
Migration as in (a) with purple lines showing surface and tube boundaries. Ceiling appears 1-3
meters too low due to unaccounted for fractures d) Migration as in (b) with purple lines showing
surface and tube boundaries. Both ceiling and floor are too low, although overall shape is well
preserved.

3.5.2.3 Tube in rock with fractures and wall lining
A wall lining is added to the previous fractured rock model to provide a comparison of
the two scenarios. Figure 3.14a shows the lava tube with both wall-lining and fractures
surrounding the void. The simulated GPR response, shown in Figure 3.14b, is more complicated
to interpret than for previous models. In particular, the ceiling is less clearly recognizable as a
continuous surface. With these complexities, both migrations (Figure 3.15) produce energy
returns that are offset a few meters downward from the true ceiling location on the left side of the
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cave (~x=70-80 meters) and floor return energy is difficult to interpret. The only section of the
floor clearly and correctly mapped is located ~80-85 along the profile.

Figure 3.15: a) Velocity model with both wall linings and fractures. See Table 1 for
model parameters. b) The simulated GPR response of the caves with wall lining+fracture model
in (a).
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Figure 3.16: Migration of the synthetic data from the wall lining+fractures model of
Figure 3.14, following the methods applied as in Figure 3.7. a) Migrated panel using the
homogeneous velocity model of Figure 3.7a with ‘perfect’ cave boundaries. b) Migrated panel
using a model as in Figure 3.7b, derived from ceiling reflection arrival times shown in Figure
3.12b. c) Migration as in (a) with purple lines showing surface and tube boundaries. Ceiling
appears ~3-4 meters too low. d) Migration as in (b) with purple lines showing surface and tube
boundaries. Only central part of floor is reconstructed.

3.5.2.4 Tube in homogeneous rock with fractures, wall lining and dust mantle layering
The presence of layering in the soil or regolith, or the existence of a dust mantle is
examined in the final model, which incorporates layers with differing permittivities (Figure
3.16a). The layering is overprinted with the same fractures and wall lining as the previous
model. Because most raypaths into the void are not significantly altered from the previous
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model, the GPR profile (Figure 3.16b) does not look dramatically different than that in Figure
3.14b, and the migration results (Figure 3.17) are relatively similar.
There is no direct analog to the layers simulated in Figure 3.15a at Lava Beds National
Monument. However, we note that there is some evidence of quasi-horizontal very shallow
layering in Figure 3.11, at less than 20 ns of travel time there is a layer that shoals over the
central part of the profile and deepens below ground surface at the edges. (This layer is apparent
in Figure 3.11 because the direct wave has been removed by subtracting the average of the 500
nearest traces (25 m) from each trace.) The tube geometry is recovered with migration (Figure
3.8) despite not considering the velocity variations associated with this layering.

Figure 3.17: a) Velocity model with wall linings and fractures against a layered
background. See Table 1 for model parameters. b) The simulated GPR response of the caves
with wall lining+fractures+layers model in (a).
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Figure 3.18: Migration of the synthetic data from the wall lining+fractures+layers model
of Figure 3.16, following the methods applied as in Figure 3.7. a) Migrated panel using the
homogeneous velocity model of Figure 3.7a with ‘perfect’ cave boundaries. b) Migrated panel
using a model as in Figure 3.7b, derived from ceiling reflection arrival times shown in Figure
3.12b. c) Migration as in (a) with purple lines showing surface and tube boundaries. Ceiling
appears ~3-4 meters too low. d) Migration as in (b) with purple lines showing surface and tube
boundaries. Only central part of floor is reconstructed.
3.6 Discussion
3.6.1 Identification of lava tube ceilings and floors
The synthetic models show that GPR profiles over lava tubes may be significantly
complicated by host rock heterogeneity, in particular by wall linings in the ceiling, and fractures
within the overburden that are subparallel to the ceiling (Figures 3.12 and 3.14). Both of these
features can generate strong GPR reflections that could be misinterpreted as returns from the lava
tube ceiling. The GPR profiles taken at Skull Cave (Figure 3.6c and Figure 3.11) and at Ship
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and Robin caves (Figure 3.1) in Lava Beds National Monument further illustrate that host rock
heterogeneities can produce GPR returns as strong as those from a lava tube ceiling. Together
the models and data show the difficulties in identifying lava tube ceiling locations from GPR
data alone.
Here we summarize characteristic features of GPR lava tube signals that can be used to
distinguish tubes from other heterogeneities and smaller voids within lava flows. The models
suggest that the ceiling horizon in the GPR record will be the last strong return before a period of
considerably weaker returns. A period of time of low-amplitude returns following the ceiling
reflection is due to several effects: first, ceiling reflections from the tallest portions of the tube
should be followed by a duration in which the waves are traveling through the tube, and no
returns are expected. Only energy from multiples and diffraction tails from irregularities in the
ceiling and elsewhere should arrive during this interval. Second, reflections from the floor are
relatively weak, even though the wave attenuation in the void is only driven by geometric
spreading and not intrinsic attenuation. This is because there is significant scattering at an
irregular ceiling, and further scattering at an irregular floor.
The phenomena of a bright return underlain by low-amplitude zone is clearly seen in the
real Skull Cave profile. Sharp returns around 100 ns and at 60-100 m along the profile in Figure
3.6d, red rectangular area, are reflected from the ceiling of the upper tube, followed by low
amplitudes in the blue oval area. The low-amplitude zone stands out generally in contrast to
surrounding lava flows, which presumably have internal structures that produce later strong
reflections and hence a more graduate decay in overall energy with time. (We note Figures 3.1,
3.6d and 3.11 employ a uniform gain across each profile, so this amplitude drop beneath ceiling
returns is readily apparent.)

38

The cave floor is likely to be a much weaker return than the ceiling, for the reasons
discussed above, even when the tube is much greater than the radar wavelength such that the two
arrivals do not overlap in time. However, the floor return can potentially be identified by its
phase reversal relative to the ceiling. This phase difference is clear in the Skull Cave profile,
where the ceiling return pulse has a central positive peak (white on Figures 3.6c, 3.11) while the
floor return has a central negative trough (black on Figures 3.6c, 3.11).
Although the Skull Cave crossing selected for study here does not show significant
diffractions from irregularities in the side walls, the Ship and Robin Caves profile in Figure 3.1
does, and many profiles shown in Esmaeili et al. (2020a) and the data library
https://tubexproject.github.io do. So, an additional characteristic that may be useful for cave
identification are diffraction hyperbolas that bound the margins of the low-amplitude zone
beneath the ceiling reflections.

3.6.2 Migration of lava tube profiles
The models show clearly that with increasing complexity in external structure, it becomes
increasingly difficult to both identify ceiling picks and reconstruct ceiling and floor positions
correctly with simple velocity assumptions. The quality of the migrated image will depend on
both the ceiling picks and the extent of deviations from simplifying velocity assumptions.
Despite these complexities, the Skull Cave data and models suggest that approximate positions
of ceiling and floor can be estimated from zones where these surfaces dip 35 degrees or less.
With the finite element migration method used here, the recovered positions are more accurate
where the ceiling dips are lowest.
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3.6.3 Cave dimensions relative to radar wavelength
We note that the upper Skull Cave is about 15 meter in height at its peak beneath the
GPR profile presented here, which is about 5 times longer than the 3-meter dominant wavelength
of the 100 MHz pulse within the void. As a result, the ceiling and floor reflections are clearly
distinct in arrival time. With smaller caves, these two reflections overlap and can be difficult to
distinguish (Esmaeili et al., 2020a). On the larger lava tubes anticipated on the moon,
overlapping arrivals of ~100 MHz GPR pulses should not be an issue.

3.6.4 Benefits of lower frequency
In theory, lowering antenna frequency may lead to achieving deeper subsurface
penetration, but at the cost of losing image resolution. Features small compared to the radar
wavelength, such as fractures, will be less well resolved or lost at lower frequencies. Figure 3.18
illustrates this for the Skull Cave profile. The GPR image using a 25 MHz antenna is far less
sensitive to the fractures and small features compared to the image obtained using a 50 MHz
antenna (Figure 3.18a), and the smoothing of the returns may actually be desirably for cave
location. Furthermore, the lower level tube is more clearly identifiable in the 25 MHz data
(Figure 3.18b) compared to the 50 MHz data (Figure 3.18a) and 100 MHz data (Figure 3.6b).
The obvious drawback is that clean low-frequency pulses are best generated by longer, less
maneuverable antennas.
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Figure 3.19: The synthetic GPR response of the two-level cave model in Figure 3.6a with
a) 50 MHz. and b) 25 MHz antenna. Resolution is significantly lost with lowering the antenna
frequency, but continuous returns may be easier to identify. The returns from the lower-level
cave are identifiable at ~ 350ns in the 25 MHz simulation.
3.7 Conclusions
At Lava Beds National Monument, GPR returns from the ceiling of lava tubes are in
some cases difficult to distinguish from GPR signals from other heterogeneities within the host
lava flows. Using a sample profile over a relatively large well-surveyed tube (Skull Cave, ~15 m
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high, ~3 m depth below surface) as the basis for a suite of synthetic models for GPR wave
propagation, we document how wall linings and fractures in particular can complicate GPR
images over lava tubes. We find that:
●

both fractures and wall linings may produce sub-horizontal reflecting horizons that appear
prior to and similar to returns from the tube ceiling

●

irregular fractures with a range of dips will generate diffraction hyperbolas that obscure tube
ceiling and floor returns

●

despite these perturbations, when the ceiling is correctly identified, 2D-velocity migration
assuming a uniform host rock can recover the ceiling and floor positions to within several
meters’ depth, for the scenario considered here.

Both the synthetics and real data suggest that to correctly identify tube ceilings in GPR
profiles, the user should look for the following: a bright return that may underlie other bright
returns, but is followed by a period of low amplitude returns, with potentially strong diffractions
on the margins of the zone of low amplitudes.
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Chapter 4: Developing a Data Library for GPR Responses to Lava Tubes

4.1 Abstract
As part of the TubeX project addressing planetary exploration for lava tubes, a website
was designed to serve as a library for storing and serving ground penetrating radar (GPR)
images, data, and metadata collected over lava tubes at Lava Bed National Monument (LBNM).
The site resides at https://tubexproject.github.io with the permanent DOI:
https://doi.org/10.5281/zenodo.5550611. The design process started with identifying strengths
and weaknesses in other sites serving geophysical data or software. The target audience includes
researchers, teachers, and planetary exploration planners. To make this website accessible to the
three target audiences, images of GPR profiles are shown at various stages of processing and
compared against LiDAR-scanned measurements of cave geometries. Additionally, raw data and
associated metadata are available for download for further processing and modeling. User
experience (UX) principles were used in the design of the site, which included the creation of a
site map and flow diagrams for user access paths. Notably, the site incorporates both raw data
and images, and both can be accessed through selection of the lava tube names or alternatively
through clicks on a zoomable map.
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4.2 Introduction
The NASA-funded TubeX project aimed to assess the utility of various methods for
mapping and understanding planetary lava tubes that could be used by humans on the Moon or
Mars. As part of this project, I developed a library of GPR profiles of lava tubes at Lava Beds
National Monument (LBNM). The existing lava tubes at LBNM range in length (from just a few
meters to approximately 7000 m), depth (from surface tubes (above the land surface) to 48 m
below the surface in the lower levels of some of the master tubes) and complexity (Larson &
Larson, 1990), providing an ideal opportunity for us to investigate how these characteristics
impact GPR profiling. The goal was to develop a GPR library of different tube environments to
see not only the GPR responses to voids of different heights and widths, but also internal
structures such as pillars, a variety of floor textures (e.g., smooth, ropey, rubbly), and overburden
(ceiling) thicknesses and fracture characteristics. Additionally, we sought to collect profiles with
various orientations relative to the primary flow direction of the lava tube, generally targeting
profiles across the tube, along the tube, and radial profiles circling a collapse pit. Using this
library, investigators will be able to better assess how effective GPR can be applied to mapping
volcanic tubes in the geological environments of space missions.
Thus, I have designed and developed a website to store and present the data with an
embedded search mechanism. The library, which will be accessible to the public, is designed for
users with varying levels of expertise with GPR. The library contains raw data for the GPR
profiles and for their positions, as well as images for selected profiles with various processing
streams. In addition, the geo-tagged data are presented on aerial maps, enabling easy
visualization of and search capabilities for the GPR transects’ locations relative to the Lava Bed
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National Monument caves. Data, images, and videos are all downloadable. Metadata is also
included in the website and in Appendix C in this dissertation.
The website is written in HTML, CSS, and Javascript. All data and figures are stored on a
Github repository, setting the Github as host and the domain. The library can be found at
https://tubexproject.github.io with the permanent DOI: https://doi.org/10.5281/zenodo.5550611.
The site exploits principles from courses I took at Udemy, Coursera, and UXLand School
in both coding and in user experience design (UX). UX is the process of creating products that
deliver meaningful and relevant experiences to users (Norman, D. A., 1988). Designing in a way
that the website will be easy to use, valuable, and enjoyable is the goal (NN group, 2014; Garrett,
J. J., 2010).

4.3 User Experience Principles
In creating an online public product, identifying the target audience and the purpose of
the design is crucial. In order to make an online library usable, the website must be easy to
navigate through and simple to use (Schmidt, A., & Etches, A., 2012; Memon, M., 2019).
Key steps to achieving these goals are 1) comparison with existing repositories, 2)
understanding users, and 3) coming up with a sitemap with smooth navigation. These are
discussed here in turn.
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4.3.1 Competitive Analysis (understanding the competition)
In the commercial world, other data repositories would be considered “competitors” and
code repositories would be considered “indirect competitors”. I did a search of direct and indirect
competitors, and found for example
http://geoscience-community-codes.github.io/GISMO/ (seismic code repository)
http://sipi.usc.edu/database/ (image database)
https://www.iongeo.com/data-library/ (seismic data library)
https://www.seitel.com (seismic data library)
https://www.searcherseismic.com (geoscience data library)
I then developed a SWOT model that was a guide for ideation throughout the design
thinking process. A SWOT analysis is an assessment tool used for strategic planning, and
involves comparison with other existing repositories for strengths, weaknesses, opportunities,
and threats, which is called the SWOT model in user experience design, leading to new insights
and perspectives (Cheng et al., 2021; Purcel, k., 2020; Delmas, L., 2020).
Strengths: A smooth information architecture and a clearly defined site map are key to
success.
Weaknesses: Some existing repositories of geophysical data sets do not present visual
images of their data, which may be a weakness for a data library. Visualizing the data before
downloading it makes it more tangible and clearer to the user whether the data will be useful or
not.
Opportunities: This site can stand out from others by providing an interactive aerial map
with the locations of data profiles and with easy access to their images and data.
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Threats: Some competitors do not have the option to download data, which can be
problematic in such a situation. This is a threat to be avoided.
Theses SWOT model results help me to understand the competitors (websites listed
above) and learn from their weaknesses and threats and use their strength and opportunities for
ideation.

4.3.2 Target Users (understanding the users)
After analyzing the SWOT model to get new insights and perspectives to guide me to
come up with a plan to design the website, I needed to understand the target users and their
needs. Our target users might be varied, with different expectations. I categorize them in three
different groups:
1) Researchers at any level who want to compare their collected data with the existing
images in our library, analyze how GPR responses vary with tube size, shape, and complexity,
design new field experiments at other sites (LBNM or elsewhere), or download our data to test
out their innovative data processing methods.
2) Teachers who may be interested in using the images or data to teach a concept.
3) Astronauts and scientists planning GPR missions on planetary lava tubes who need to
assess what may likely be imaged.
A site that would be effective for all target users thus requires raw data access especially
for groups (1) and (3), images in particular for group (2), and an intuitive interface because all
target audiences are busy and more likely to use the content when access is rapid.
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4.3.3 Information Architecture (site map)
After ideation and identifying the critical components of the online library, I needed to
come up with the simplest navigation to make it as easy as possible for potential users to identify
useful profiles and access data and images.
Information architecture (IA) is a key aspect of UX design that organizes information,
structures websites, and assists users in finding and utilizing information. Information
architectures that are well-designed and user-friendly enable users to find information more
easily and with less time and effort (Stefanuk, A., 2020). For this data library, principles of
information architecture were used to create smooth flows for users to go from maps or cave
names to the data.
In the development of a website, a sitemap is a road map to follow. Establishing a site's
hierarchy at an early stage improves visitors' user experience, such as ease of navigation. Figure
4.1 is a site map of the TubeX project online library that is used to design the navigation bar
(figure 4.2) and the main pages.
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Figure 4.1: TubeX site map shows how information is organized and the structure of the web site.

Figure 4.2: TubeX website navigation bar.
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This library aims to store and present data. The user has three approaches to the data,
shown in Figure 4.3. First, the "Data" button is prominent on the homepage; second, the "Data"
tab on the navigation bar which leads to the same Data page; third clicks through the interactive
map on the "Map" tab lead to the data. Hypothetical scenarios for viewing and downloading the
data through these paths will be introduced in the following section.

Figure 4.3: Screenshot of the website homepage with three red marks which show 3 ways
to reach the data.
The other tabs on the navigation bar (as is clear from their names) (Figure 4.3) guide the
user to:
“About TubeX”: an introduction to the TubeX project and its goals
“Publications”: a list of all publications and conferences that present TubeX data written
by various teams such as GPR, LIDAR, Magnetic, etc
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“Photo Gallery”: showing all images that were taken by teams during the 2017 and 2018
field camps
“Contributors”: an introduction to the people and universities involved in the project
“Map”: an interactive Google Earth map showing the location of GPR profiles and
different lava tubes at LBNM with a link to each line's dedicated page
“Data”: a description of all GPR data gathered at LBNM that is categorized by cave
name
“Metadata”: a readme file that includes all metadata for the GPR data

4.3.4 Hypothetical Scenarios and User Flow
The user flow diagram to access is plotted in Figure 4.4 for the three hypothetical
scenarios.
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Figure 4.4: User flow diagram shows the different paths that users can take to reach the individual data profile pages and
download the data or see images. The blue arrow leaving the right edge of the top diagram continues into the left edge of the
bottom diagram.
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First scenario (path 2 on Figure 4.4); the user, a researcher, wants to find GPR line data
over the Skull Cave on the data page:
On the navigation bar, click the "Data" tab (Figure 4.3 – red mark number 2). On the
Data page, there is a short description of this data library, followed by the list of cave names on
which we have collected data (Figure 4.5 left). The Skull Cave is the target of our test scenario.
Upon clicking the Skull Cave link, one sees a short description of Skull Cave and an image
showing the location of GPR lines and polygons of LiDAR surveys over this cave at LBNM. The
green polygons represent terrestrial LiDAR scan (TLS) coverage of the tubes' interiors (Figure
4.5 right). From ‘Select a line’ dropdown menu on the top left, for example select line 74 to view
its data. This page includes links for downloadable data and all processed images for line 74
(Figure 4.6). Each image is clickable for a larger view, with options for zooming in and
saving. In this page, the user can also search for specific items they are looking for. For example,
typing the word ‘raw’ in the search box will only bring up raw data.

Figure 4.5: Left) The Data page includes a brief description of this data library and the
list of lava tubes over which GPR data were collected. Right) The Skull Cave page, which
includes an explanation of why Skull Cave is important at LBNM with a map showing all the
GPR data collected over the cave. Using the drop-down menu of "select line" on the top left,
users can select a line to view its data and images.

53

Figure 4.6: Screenshot of an example GPR line (line 74 on the Skull Cave)
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Second scenario (path number 3 in the Figure 4.4); the user wants to find GPR profile
data over Skull cave using the LBNM earth map:
Navigate to the "Map" tab. One sees a trench that belongs to the Modoc Crater system.
The bookmarks in Figure 4.7 show the names of all caves over which GPR data were collected.
Choose Skull Cave. A zoomed-in view comes up with all the GPR lines collected over the Skull
Cave (Figure 4.8). Legend menus show the names of lines. A click on one of these lines (for
instance line 74 which is perpendicular to the cave direction) brings up a pop-up window with
details and a link to the line 74 page. Clicking on line 74, brings one to the same final page as
shown in the first scenario.

Figure 4.7: Screenshot of the map page with bookmarks showing the list of the lava
tubes.
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Figure 4.8: A zoomed view of all the GPR lines in Skull Cave. Legend can be seen on the
right.
As line 74 has been selected, a pop up displays a link which allows the user to access the
Line74 data page (Figure 4.6).

4.4 Data and image downloads
There is no industry standardization on ground penetrating radar data formats. The
TubeX team and a subsequent NASA project, the GEODES SSERVI, decided to store data in
their raw acquisition format (specific in this case to the GPR manufacturer Sensors and
Software) with codes available to convert the data to other formats. These codes are accessed
through Metadata page on the website.
For selected profiles at Skull, Valentine, and Incline caves, data were further processed as
part of the TubeX project and aligned with the Lidar point clouds. These processing steps are
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described on each line’s specific page and images of the lines at various stages of processing are
viewable and downloadable in png format.
There is no industry standard for GPR metadata. The format on this web site was
designed by the GEODES SSERVI data management team. The metadata document was
designed to supplement the GPR header files, which contain details on space between traces and
time during traces. Thus, the metadata document describes the relationship between the GPR
data files and the corresponding GPS data files, as well as the naming schemes of processed data
files, people involved in data acquisition, and site bounding coordinates.

4.5 Conclusions
The development of this data library required skills that fall outside of a standard
geophysics curriculum. This paper summarizes the application of User Experience design and
website development principles to the creation of a data and image library for GPR profiles over
lava tubes.
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Abstract Remote sensing surveys of the Moon and Mars show evidence of lava tubes, which are potential
safe havens for human crews and their equipment. Ground penetrating radar (GPR) can be used to map
tubes because the void/rock interface at tube ceilings and ﬂoors strongly reﬂects radar pulses. We have tested
the capacity of GPR to sense lava tube geometry at Lava Beds National Monument in California, USA.
GPR and detailed light detection and ranging (LiDAR) data are presented for two tubes: Skull Cave, with a
few meters of overburden, diameter ~10–20 m, and a rubbly ﬂoor; and Valentine Cave, with similarly
thin overburden, diameter ~1–3 m, and a ﬂatter smoother ﬂoor. On both caves GPR clearly resolves the
ceiling and permits good estimates of the cave width as validated with LiDAR data. Where GPR fails, the
primary cause is inferred to be strong out‐of‐plane effects due to complex 3‐D geometries. Recovery
of the ﬂoor position requires migrating the GPR data with a 2‐D velocity model, as signal velocity is faster in
void space. We ﬁnd that ﬂoor position is recoverable in caves whose voids are taller than the radar
wavelength (~3 m in this study). Forward modeling assuming planetary parameters suggests that GPR
should be similarly successful on the Moon or Mars.

Plain Language Summary Lava tubes are tunnel‐like caves found in lava ﬂows on the Earth and
other planets such as the Moon and Mars. On other planets, lava tubes can offer potential safe havens for
human crews and their equipment, so developing methods for identifying and characterizing them from the
surface is important. Geophysical methods are ideal tools for exploring lava tubes, among which ground
penetrating radar (GPR), which does not affect rocks in the study area, is fast and relatively simple to use. In
this study, we have used GPR and other tools to map lava tubes in Lava Beds National Monument,
California (USA). We have collected GPR, GPS, and LiDAR data on two tubes. Their depths and widths are
relatively simple to ﬁnd with GPR, while the height and ﬂoor are the most challenging characteristics
to be determined. Therefore, special numerical modeling algorithms, migration techniques, are used which
require a general knowledge of subsurface geometry. Our tests show that with careful algorithm
utilization and a good velocity model, GPR data are likely to provide an acceptable tube model.

1. Introduction
Planetary lava tubes and void spaces could provide safe havens for human crews and protect their life
support equipment from harmful radiation, ﬂuctuating surface temperatures, and meteorite impacts
(Horz, 1985). Analyses of remote sensing surveys, such as orbital radar, gravity data, and orbital
photographic, suggest the existence of lava tubes beneath the lunar and Martian surface (e.g., Carr, 1974;
Chappaz et al., 2017; Cushing, 2012; Daga et al., 2013; Haruyama et al., 2009; Kaku et al., 2017; Robinson
et al., 2012). Before use or occupation of any planetary lava tube, remote characterization of tube geometry
will be critical. In particular, ground penetrating radar (GPR) surveys from surface instruments offer higher
resolution than orbital data and could be a key tool in lava tube reconnaissance surveys.
©2020. American Geophysical Union.
All Rights Reserved. This article has
been contributed to by US Government
employees and their work is in the
public domain in the USA.
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Lava tubes are evacuated pathways within lava ﬂows and are common volcanic features on Earth, the Moon,
and Mars. Observations of ﬂowing lava (e.g., Calvari & Pinkerton, 2004; Greeley & Hyde, 1972) and lava
ﬂow models (Keszthelyi, 1995) commonly indicate that tubes enable lava to stay hotter longer and therefore
ﬂow farther. Lava tube caves (i.e., preserved and accessible tube segments) provide a window into lava ﬂow
interiors (Kauahikaua et al., 1998; Whelley, Garry, Young, et al., 2017) that can illuminate lava ﬂow
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